A new Kirkpatrick-Baez-type focusing mirror system for use in synchrotron radiation IR beamlines is designed and fabricated. This mirror system, which contains two fifth-order-polynomial-corrected cylindrical mirrors, can collect and focus the long arc shape IR source from the bending magnet into a nearly perfect point image. To fabricate these two uncommon mirrors, 17-4 PH type stainless steel substrates are chosen and mechanically bent from planar to the desired fifth-order-polynomialcorrected cylindrical shapes with central radii of 3.74 and 5.43 m. The root mean square (rms) roughness and the slope error of these two mirrors are measured to be 0.3 nm and less than 6.3 rad, respectively. The method for calculating the polynomial coefficients of both mirrors as well as the mirror fabrication process, mechanical design, and the method for adjusting the mirror shape using a long trace profiler are presented.
Introduction
The hundredfold brighter infrared ͑IR͒ radiation from a synchrotron storage ring as compared to that from a conventional blackbody source has recently opened up new scientific opportunities in the field of IR research. [1] [2] [3] To establish an advanced IR spectromicroscopy facility in Taiwan, an IR beamline that collects 70ϫ35 mrad IR from the synchrotron bending magnet was designed and is under construction at the Synchrotron Radiation Research Center ͑SRRC͒. To achieve as high as possible the performance of the IR beamline, several instrumentation developments are on going, which include a new B-chamber with an enlarged aperture, an internally water-cooled plane mirror for filtering out high-energy radiation, highly stable mirror manipulators, an off-axis collimating mirror box, and most importantly, a new Kirkpatrick-Baez ͑K-B͒-type mirror system for collecting and focusing the IR from the bending magnet. In this paper, we present the design and fabrication of this new K-B-type focusing mirror system.
Optical Layout
In most of the previous designs, the focusing mirror system of a synchrotron radiation IR beamline contains only one ellipsoidal mirror, and therefore, suffers from the optical aberration caused by the long arc shape IR source from the synchrotron bending magnet. This optical aberration can be removed only by using a multimirror system, such as that of K-B. In the K-B design, two mirrors whose reflecting surfaces are placed perpendicular to each other are utilized to focus the beam in the two orthogonal planes independently. 4, 5 Figure 1 shows the optical layout of the SRRC IR beamline. The internally water-cooled M1 plane mirror, which intersects the photon beam at 45°, is used to filter out most of the high-energy photons while allowing IR to be reflected downward. The M2 ͑horizontal focusing mirror, HFM͒ and M3 ͑vertical focusing mirror, VFM͒ are the two high-order-polynomial-corrected cylindrical mirrors of the K-B system. The HFM and VFM focus the IR beam from the source onto the focal spot, in the horizontal and vertical planes, respectively. In this beamline design, the IR beam from the source is reflected downward by the M1 mirror intentionally to lower the altitude of the HFM and the VFM, thus reducing ground vibration problems.
Since the IR source is the synchrotron radiation from a bending magnet, the source can be viewed as a point in the vertical plane and an arc in the horizontal plane ͑without considering the electron beam size͒. It is well known that the ideal shape for the VFM reflecting surface is the elliptical cylinder that can focus tangentially a point source onto a point image ͑with no focusing effect in the saggital direction͒. To facilitate the analysis of bending an elliptical shape from a planar substrate, it is more convenient to express the surface height function y(x) by a high-order polynomial ͓see Eq. ͑1͔͒. Figure 2͑a͒ shows the geometry of an elliptical cylinder mirror. By using a power series expansion and a coordinate transform, one can obtain all the coefficients of the polynomial. 6 The analytical expression of first three nonvanishing coefficients are given in Eq. ͑2͒ to ͑4͒.
͑4͒
where R 0 is the central radius; is the entrance angle; r 1 is the object distance; r 2 is the image distance; and c 2 , c 3 , and c 4 correspond to defocus, primary coma, and secondary coma, respectively. Therefore, the higher the order of the polynomial that describes the mirror's shape, the lower the aberration at the image point. Figure 2͑b͒ shows the geometry of the arc-to-point focusing of the HFM. Here is the radius of the electron trajectory in the bending magnet. Since the source is no longer a point and unlike the case of VFM, there is no analytical expression for the surface height function. However, one can still find a first-order differential equation that defined the surface height function of the HFM. By solving the differential equation using the fourth-order RungeKutta numerical method to minimize the optical aberration of the focusing system, one can calculate the ideal surface figure for focusing an arc source onto a point image. By fitting this ideal surface by a high-order polynomial, one can then obtain the required coefficients. Basically, the higher is the order of the polynomial of the mirror surface height, the more near to ideal is the shape. The mirror surface designed with the higher order polynomial can theoretically reduce the focusing optical aberration, but the fabrication of this mirror is very difficult and also causes some processing errors. Therefore, we found that for the IR beamline from the SRRC bending magnet shown in Fig. 1 , fifth-order polynomials are more than sufficient to simulate the calculated ideal surfaces of the VFM and HFM to achieve to the long arc shape IR source focus a point image. Our optical ray-tracing results show that these two fifth-order-polynomial-corrected cylinder mirrors can focus the arc source ͑without taking into account the electron beam size͒ onto a image spot with an aberration less than 1 ͑vertical͒ϫ0.01 ͑horizontal͒ m 2 . This aberration is insignificant when compared to the typical electron beam size of 10 to 100 m. , and Ϫ5.111753 ϫ10 Ϫ14 for the HFM. Figure 3 shows images on the focal spot with elliptical ͓Fig. 3͑a͔͒ and special ͓Fig. 3͑b͔͒ shape for VFM and the same shape for HFM by SHADOW ray tracing.
High-Order Polynomial Surface by Bending
The use of elastic bending to form a high-order polynomial shape of the mirror is considered. Applying some moments at both ends of the mirror with while varying the width or thickness enables the desired shape to be achieved. [6] [7] [8] [9] [10] [11] Since the slope error is more sensitive to variations in thickness rather than width in elastic bending, the approach is often to bend a constant-thickness and nonlinear-width metal or ceramic mirror by applying couples. If unequal couples are applied to the mirror, the variation in width is much less than occurs if equal couples are applied. Therefore an approximately rectangular mirror is used that is convenient to engineering. It may be good for a ceramic mirror that requires easy cutting, but it is not necessary for a metal substrate that can be cut by an electrical discharge machining ͑EDM͒ or computer numerical control ͑CNC͒ machine with precision of few micrometers. In this project, the central radii of HFM and VFM are a few meters. Therefore, metal substrates can be chosen if there is no preshaping process. The equal couple method is chosen in this application to facilitate implementation. Therefore, constant-thickness and special-width metal mirrors are bent to the desired fifth-order polynomial shapes by the application of equal couples. In the bean theory, the relationship between the applying moment and the desired curvature with respect to the neutral axis, can be expressed by the equation 
where k is the curvature, M is the bending moment, and EI is the flexural rigidity. Although the bending moment is applied by a constant force F at the end of an arm with length l, the moment is not constant and can be expressed as
when the beam reaches equilibrium. Usually, y max can be considered to be the maximum sag of the shape. Setting the moment according to Eq. ͑6͒, the most damaging slope error from the tensile force is theoretically eliminated. Substituting M (x) and I(x) into Eq. ͑5͒, we can write the new equation
Therefore, the variation of mirror width for a high-order polynomial shape is obtained:
Next, assume that we set the central width of the mirror b(0)ϭb 0 . The force applied at the end of arm can then be derived from Eq. ͑8͒ and expressed as
Finally, inserting Eq. ͑9͒ into Eq. ͑10͒, the polynomial width of the mirror under the application of equal couples to produce a high-order polynomial shape is b͑x ͒ϭ 2b 0 c 2 ͓1ϩyЈ
The preceding equations can be accurate to use with the following design considerations:
1. Choose the mirror substrate depending on specifications such as the radius and roughness. 2. Decide the central width of the mirror to obtain a clear aperture for the photon beam. Equation ͑10͒ is a useful equation for a mirror with central radius of less than 10 m and a length of more than 200 mm. 3. Choose a suitable thickness to overcome the effect of gravity. Usually, the thickness shall be at least 5 mm for metal substrate and 10 mm for quartz. 4. Calculate the force from Eq. ͑9͒, and then the strength of the mechanism. 5. Use a CNC machine to cut the mirror width with respect to the x coordinate according to Eq. ͑10͒. This approach is similar to the original one of Underwood, 6 but the biggest difference is the more accurate mirror width function derived in Eq. ͑10͒.
Flat Mirror Fabrication
17-4 PH stainless steel is the only metal substrate to be polished to 2 to 3 Å root mean square ͑rms͒ without electroless nickel plating. 12, 13 When the metal mirror with elec- troless nickel plating can not afford to be bent under its central radius of less than 10 m, the nickel plate will be removed from the metal surface. 13 Therefore, the central radius of the bent mirror is less than 10 m and the roughness is required to be less than 5 Å rms, then 17-4 PH is the only substrate we can choose without an electroless nickel plate. In the case of HFM ͑thickness 7 mm, length 220 mm, and central width 65 mm͒, even a maximum bending stress of 240 MPa concentrated in the left intersection of the mirror edges and arms, corresponding to a yield stress of 1170 MPa, is in the elastic range. Figure 4 displays the distribution of the bending stress in HFM when a bending moment of 112.14 N m was applied. The figure was determined by ANSYS analysis. Therefore, this steel is suitable for bendable mirrors with a radius of less than 10 m because of its stability and strength.
Polishing
According to the preceding description, we purchased some raw 17-4 PH stainless steel plates with thermal treatment condition H900 from Allegheny Ludlum Corp. ͑Washing-ton, Pennsylvania͒ and then developed the flat mirrors according to the following procedure:
1. Machine and grind to the desired size with 5-m accuracy in the mirror width. 2. Have three thermal cycles slowly to Ϫ196 and 200°C. 3. Grind both sides to achieve the thick parallelism of 2 m. 4. Polish the top surface using a kind of chemical mechanical polishing ͑CMP͒ slurry with 50-nm ceramic powder.
Testing
When step 3 is completed, the size of the mirror is measured and checked by a 3-D measurement system with 0.1-m resolution. Figure 5 shows the surface roughness of 17-4 PH stainless steel that has been polished to 3.0 Å rms by the measurement of the WYKO TOPO 2D/3D after the different kinds of arrangement in polish speed, pad, and concentration of slurry. The measurement range of the surface height is from 1 Å to 7.8 m and the spatial sampling interval was 1.3 m, using the 10ϫ magnification head. Also, the slope error of the plane mirror is less than 1.5 rad rms over a length of 180 mm according to the long trace profiler ͑LTP͒ measurement.
In the soft x-ray microprobing project, it was necessary to polish this bare stainless steel to a roughness of less than 2 Å rms. However, the roughness of 3 Å rms and the slope error of 1.2 rad rms in the mirror with size 180ϫ65ϫ7 mm 3 suffices for this case. The preceding processes were performed in Taiwan. Figure 6 depicts the front view of the HFM bender. Two 5-mm-thick arms are set up in both ends of the mechanism to support the mirror. The moment is applied through a slider jointed at the other end of the left arm. The bottom end of the right arm is free to joint the base. It is a pure cantilever beam. If the mirror has constant width and thickness, it would be bent to a cylindrical surface. The widths of the HFM and VFM are polynomial shapes based on Eq. ͑10͒, so the high-order-polynomial surface can be achieved. A piezoelectric ceramic with maximum force of 3500 N is inserted between the slider and the push bolt to finely adjust the shape of the mirror when the mirrors are set up in the beamline.
Mechanical Design

Adjustment of Bendable Mirror Using LTP
The slope of HFM at a length of 180 mm is 54 mrad. However, the LTP in the SRRC optical metrology laboratory can only measure about 7 mrad per time under the limitations such as the focal length and aperture of the Fourier transform ͑FT͒ lens and the size of the CCD detector.
14,15 Also, the VFM facing the horizontal plane Chen et al.: New focusing mirror system . . . must be measured by the horizontal scanning LTP to eliminate the effect of gravity. Before adjusting the bending mirror, we discuss the measurement of the large slope and an easy method of the simply perform a horizontal scan.
Measurement of Large Slope
Within the limitations of the LTP, without changing the hardware, the only way to measure the large slope is to link separate measurements of several sections. For example, the HFM is measured in nine sections. The overlap area between two sections is 5 mm for purposes of linking. Using the curve-fitting method enables us to adjust the tilting volume and finely tune the overlap area to minimize the measurement error. The mirror can be adjusted to desired shape according to the nine-section slope data linked in sequence over the whole mirror. Even if this method negligibly increases the measurement error of the system, it takes about 3 h to obtain these raw slope data and link them together. Here we describe another method. Herein, the old FT lens is replaced with a new one of focal length of 350 mm ͑instead of the original 1250 mm͒ and a diameter of 38.1 mm ͑instead of the original 25.4 mm͒ and set a new image distance equal to 350 mm using a reflective mirror. The measurement accuracy of the original system is up to 0.6 rad ͑0.4 rad from the hardware limitation and 0.2 rad from the environment͒, so the accuracy of the new system is less than 1.8 rad ͑0.4ϫ1250/350ϩ0.2͒. Under this condition, the measurement range increases from 7 to 30 mrad. The new system simply measures data from two sections and links them together for the whole mirror.
Horizontal Scan
The optical head and penta prism must be turned to an angle of 90 deg to measure the facing-horizontal mirror. Then, 2 h are required for the system to stabilize. Here we use a faster and easier method: we just add one more penta prism below the original one and set it to face the test mirror. The laser beams are turned downward by an angle of 90 deg when they pass through the first penta prism. The newly added second prism forces the beams to travel in the horizontal direction to reach the horizontal test mirror. As the laser beams hit the test mirror, they are reflected back to the FT lens through the second and first panta prisms in that order. Through some testing and calibration, we find that the accuracy ͑i.e., stability and repeatability͒ of the LTP does not suffer observably.
Procedure of Adjustment
Equation ͑10͒ is a more accurate width function, as mentioned previously. However, the tolerance of manufacture, uncertainty of the mechanism, and the approximate error of the beam theory approach will contribute some imperfections to the surface of the mirror. Also, mechanical adjustment of the bendable mirrors is due only to the bending force, so a workable procedure to adjust the measured slope y m Ј (x) to approach the desired slope yЈ(x) by the LTP is required. A function of the bending error S md (x) as the difference between the measured slope and the desired slope can be defined as
͑11͒
According to the bending mechanism and Eq. ͑11͒, the procedure for off-line adjustment is The procedure is used repeatedly until the slope error satisfies the criterion. According to the experiment and measurement, the slope error and roughness of the flat mirror remain unchanged after cutting by the CNC machine. Therefore, the width of the mirror can be finely tuned several times, by about 1 mm each time until it is wider than the clear aperture of the photon beam on the mirror surface. After the mirrors are thus bent, the HFM has a slope error 6.3 rad rms over a 120-mm-long clear aperture and the VFM has a slope error of 5.0 rad rms over the same aperture. The HFM is steeper and more asymmetric than the VFM in the optical layout, so it is more difficult to bend the HFM into the same shape as the VFM. Figure 7 illustrates the slope errors for the HFM and VFM after running through two cycles.
Conclusions
We developed the K-B mirror system including two highorder-polynomial-bendable mirrors in the SRRC IR beamline to create and adjust more accurately collimating images on the focusing point. The VFM was designed in an elliptical shape and the HFM has an optimal high-orderpolynomial shape to focus the horizontal arc source on the point image. Both mirrors with 17-4 PH stainless steel substrates are mechanically bent from a plane to the desired fifth-order-polynomial shapes by applying equal couples. The fabricating process, mechanical design, and method of adjustment of the shape of the mirror using the LTP were all performed in the SRRC. The roughness of the mirror was 3 Å rms and the slope error was below 1.5 rad rms over the 180-mm clear aperture. Results presented herein can provide a valuable reference for developing bent mirrors for the x-ray microprobing project.
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